One of the major obstacles to the use of hydrogen as an energy carrier is the lack of proper hydrogen storage material. Lithium amidoborane has attracted significant attention as hydrogen storage material. It releases ∼10.9 wt% hydrogen, which is beyond the Department of Energy target, at remarkably low temperature (∼90°C) without borazine emission. It is essential to study the bonding behavior of this potential material to improve its dehydrogenation behavior further and also to make rehydrogenation possible. We have studied the high-pressure behavior of lithium amidoborane in a diamond anvil cell using in situ Raman spectroscopy. We have discovered that there is no dihydrogen bonding in this material, as the N-H stretching modes do not show redshift with pressure. The absence of the dihydrogen bonding in this material is an interesting phenomenon, as the dihydrogen bonding is the dominant bonding feature in its parent compound ammonia borane. This observation may provide guidance to the improvement of the hydrogen storage properties of this potential material and to design new material for hydrogen storage application. Also two phase transitions were found at high pressure at 3.9 and 12.7 GPa, which are characterized by sequential changes of Raman modes.
One of the major obstacles to the use of hydrogen as an energy carrier is the lack of proper hydrogen storage material. Lithium amidoborane has attracted significant attention as hydrogen storage material. It releases ∼10.9 wt% hydrogen, which is beyond the Department of Energy target, at remarkably low temperature (∼90°C) without borazine emission. It is essential to study the bonding behavior of this potential material to improve its dehydrogenation behavior further and also to make rehydrogenation possible. We have studied the high-pressure behavior of lithium amidoborane in a diamond anvil cell using in situ Raman spectroscopy. We have discovered that there is no dihydrogen bonding in this material, as the N-H stretching modes do not show redshift with pressure. The absence of the dihydrogen bonding in this material is an interesting phenomenon, as the dihydrogen bonding is the dominant bonding feature in its parent compound ammonia borane. This observation may provide guidance to the improvement of the hydrogen storage properties of this potential material and to design new material for hydrogen storage application. Also two phase transitions were found at high pressure at 3.9 and 12.7 GPa, which are characterized by sequential changes of Raman modes.
H ydrogen economy has been considered as potentially efficient and environmental friendly alternative energy solution (1) . However, one of the most important scientific and technical challenges facing the "hydrogen economy" is the development of safe and economically viable on-board hydrogen storage for fuel cell applications, especially to the transportation sector. Ammonia borane (BH 3 NH 3 ), a solid state hydrogen storage material, possesses exceptionally high hydrogen content (19.6 wt%) and in particular, it contains a unique combination of protonic and hydridic hydrogen, and on this basis, offers new opportunities for developing a practical source for generating molecular dihydrogen (2) (3) (4) (5) . Stepwise release of H 2 takes place through thermolysis of ammonia borane, yielding one-third of its total hydrogen content (6.5 wt%) in each heating step, along with emission of toxic borazine (6) (7) (8) . Recently, research interests are focusing on how to improve discharge of H 2 from ammonia borane, including lowering the dehydrogenation temperature and enhancing hydrogen release rate using different techniques, e.g., nanoscaffolds (9), ionic liquids (10), acid catalysis (11), base metal catalyst (12) , or transition metal catalysts (13, 14) . More recently, significant attention is given to chemical modification of ammonia borane through substitution of one of the protonic hydrogen atoms with an alkali or alkaline-earth element (15) (16) (17) (18) (19) (20) (21) . Lithium amidoborane (LiNH 2 BH 3 ) has been successfully synthesized by ball milling LiH with NH 3 BH 3 (15) (16) (17) (18) (6) (7) (8) , which greatly enhances the search for suitable regeneration routes (prerequisite for a hydrogen storage material). Although the rationale behind the improved dehydrogenation behavior is still unclear, these improved property modifications evidently originate from the substitution of one H in the NH 3 group by the more electron-donating Li, which exerts influences on the bonding characteristics, especially on the dihydrogen bonding, which is one of the characteristic bonds of ammonia borane (15) . So, it is essential to understand details about the bonding behavior of this potential material.
High-pressure study of molecular crystals can provide unique insight into the intermolecular bonding forces, such as hydrogen bonding and phase stability in hydrogen storage materials and thus provides insight into the improvement of design (22) (23) (24) (25) (26) (27) (28) (29) (30) . For instance, Raman spectroscopic study of ammonia borane at high pressure provided insight about its phase transition behavior and the presence of dihydrogen bonding in its structure (25) (26) (27) (28) (29) (30) . We have investigated LiNH 2 BH 3 at high pressure using Raman spectroscopy. We have found that, other than in NH 3 BH 3 , dihydrogen bonding is absent in lithium amidoborane structure and LiNH 2 BH 3 shows two phase transitions at high pressure.
Results and Discussion
We have used in situ Raman spectroscopy to characterize bonding changes in the sample. For collecting the Raman spectra at ambient condition, we have loaded ammonia borane and lithium amidoborane samples into glass capillaries. Raman spectra ( Fig.  1 ) of ammonia borane (25) (26) (27) (28) (29) (30) and lithium amidoborane (31) at ambient condition have been well documented, and the major Raman modes can be described by their molecular nature: N-H stretching, B-H stretching, and B-N stretching modes. In the Raman spectra, B-H stretching modes of lithium amidoborane appear at lower wavenumbers compared with those of ammonia borane ( Fig. 1 ), indicating that lithium amidoborane has weaker B-H bond than ammonia borane. This observation is consistent with the reported B-H bond strength by the previous X-ray studies (15, 18, (31) (32) (33) (34) . Likewise, both the N-H and B-N stretching modes in lithium amidoborane appear at higher wavenumbers with respect to those in ammonia borane, i.e., the N-H and B-N bonds become stronger in lithium amidoborane, consistent with the prediction by Armstrong et al. regarding B-N bond strength (35) .
We have conducted diamond anvil cell (DAC) experiments at room temperature on a lithium amidoborane sample from ambient pressure to 19 GPa. Two phase transformations are To whom correspondence may be addressed. E-mail: snaji001@fiu.edu or chenj@fiu.edu.
observed at high pressure. The first phase transition occurs at 3.9 GPa. This phase transformation is demonstrated by remarkable change in the B-H stretching region. The low-frequency B-H stretching mode splits and the high frequency B-H stretching modes merge into singlet ( Fig. 2A) A B C to light before phase transformation and is transparent to light after phase transformation (Fig. 3) . With further compression, another phase transition occurs at 12.7 GPa, with the clear splitting of N-H stretching vibrational modes and merging of high frequency B-H stretching modes (Fig. 2 A-C) . Both phase transitions are associated with splitting of the major vibrational modes indicating that the structural complexity increases with pressure. The characteristic feature in the structure of ammonia borane is that due to the differing electronegativities of the B and N atoms, the hydrogen atoms bonded respectively to B and N have different charges. As nitrogen is strongly electronegative, the hydrogens bonded to nitrogen are protonic (H δ+ ) in character; whereas boron is less electronegative than hydrogen and thus the hydrogens bonded to boron are hydridic (H δ− ) in character. These two hydrogen species form a network of N-H δ+ . . .
−δ
H-B dihydrogen bonds, which stabilize the structure of NH 3 BH 3 as molecular solid with much higher melting point (+104°C) compared with the isoelectronic CH 3 CH 3 (melting point is −181°C) gas and most importantly, the existence of these dihydrogen bonds facilitates the formation of molecular hydrogen during dehydrogenation of ammonia borane. In fact, formation or strengthening of such dihydrogen bonds results in weakening of N-H bonds and therefore a corresponding red shift of N-H stretching frequency to lower wavenumbers in Raman spectra (36) . For example, the frequency of O-H stretching in phenol (proton donor)-BDMA (borane-dimethylamine) complex has been reported to show a red shift by 174 cm
when the dihydrogen bonding forms (37) . Likewise, the N-H stretching in the complex between 2-pyridone (as the proton donor) and borane-trimethylamine also shows a red shift by 5 cm
upon the formation of dihydrogen (37) . Other than in those compounds, we have observed that the N-H stretching frequency of lithium amidoborane is blue shifted relative to its parent compound (Fig. 1) , which indicates that either the dihydrogen bonding becomes weaker compared with ammonia borane or it disappears in lithium amidoborane structure.
Existence of dihydrogen bonding shows unique behavior at high pressure. According to Lipincott's model (38) ) distance decreases, the N-H δ+ bond length increases; therefore, the N-H δ+ restoring force decreases, i.e., the frequency shifts to lower wavenumbers. Applying external pressure is a mean to decrease the intermolecular N. . .H δ− distance. So, if there is any dihydrogen bonding in the material, the N-H stretching should exhibit redshift with pressure (25) (26) (27) 30) with some exceptions that have very strong symmetric dihydrogen bonding (39) (40) (41) (42) (43) (44) (45) (46) . As shown in Fig. 3 B and C, the N-H stretching frequency of lithium amidoborane shows blue shift with increasing pressure, in contrast to its parent compound ammonia borane (25) (26) (27) 30) . The observation of blueshift of N-H stretching frequency with pressure indicates a likely absence of dihydrogen bond in lithium amidoborane as illustrated by Lipincott's model, unless there is an extremely strong symmetric dihydrogen bonding. Cambridge Structural Database (CSD) structural search provides characteristic metric data for 26 N-H. . .H-B intermolecular dihydrogen bonds with H. . .H distance in the range of 1.7-2.2 Å in 18 crystal structures (47) (48) (49) (50) . X-ray diffraction data, however, indicate that the NH... HB intermolecular distance of lithium amidoborane is 2.249 Å (18), 10% longer than that of ammonia borane (2.02 Å) (18) and close to the expected van der Waals distance (2.4 Å). This fact may rule out the possibility of extremely strong dihydrogen bonding in lithium amidoborane.
The Li-N bond length of LiNH 2 BH 3 , ∼2.032 Å (15, 51, 52), is significantly longer than the H-N bond length (1.07 Å) in ammonia borane (52, 53) . Each Li + is tetrahedrally surrounded by three other BH 3 δ− units with the experimentally determined Li. . .B distance of 2.50-2.69Å (18) and theoretically predicted Li. . .B distance of 2.564-2.646 Å (32). As lithium is more electron-donating, N attracts more electrons from lithium than the hydrogen atoms. So, N-H bond approaches to the covalent character (i.e., its bond length decreases), whereas Li-N shows more ionic character. So, there may be significant van der Waals interaction between Li + . . . BH 3 δ− , which acts as the stabilizing factor for the molecular structure of LiNH 2 BH 3 although the dihydrogen bonding is absent in its structure. The absence of the dihydrogen bonding not only alters the structure stabilizing factor of LiNH 2 BH 3 , it may also cause significant change in the dehydrogenation mechanism of this complex. In principle, the attractive interaction between the dihydrogen bonded atoms strongly lowers the activation energy for hydrogen release of ammonia borane (37, 54, 55) and also some potential complexes for hydrogen storage (53) . Although there is no dihydrogen bond, LiNH 2 BH 3 dehydrogenates at lower temperature than ammonia borane, which refers to a different dehydrogenation mechanism other than mere H δ+ . . .H δ− interaction mechanism claimed by Chen et al. (15) . As B-H bond is weaker in lithium amidoborane, B-H shows more reactivity in dehydrogenation and the transfer of hydrogen from boron to lithium is the ratedetermining step of dehydrogenation process of lithium amidoborane (56, 57) . It will open new opportunities for the design of hydrogen storage material by tuning the reactivity of N-H and/ or B-H by substituting protonic and/or hydridic hydrogen by more electroposive and/or electronegative elements. If both of the N-H and B-H bonding can be made weaker by simultaneously substituting protonic and hydridic hydrogen, then dihydrogen bonding may appear in the structure, which may dehydrogenate more easily than metal amidoboranes.
Materials and Methods
Sample Preparation in Capillary. LiNH 2 BH 3 and NH 3 BH 3 were purchased from Sigma Aldrich with stated purities of 90% and 97%, respectively, and were used without further purification. Due to air sensitivity of lithium amidoborane, all sample handlings were done inside an argon-filled glovebox. The sample was loaded into a capillary inside the glovebox and then sealed.
DAC Sample Preparation.
A symmetric DAC with two type-I diamonds of 400 μm culet size was used for the high-pressure experiments. A stainless steel gasket was preindented to 55 μm thickness and then a hole of 160 μm in diameter was drilled in the center as a sample chamber. Lithium amidoborane powders, along with some ruby chips for in situ pressure measurement, were loaded in the sample chamber inside the glovebox. Pressure was calibrated from the shift of Ruby fluorescence (58, 59) . No pressure medium was used in the sample chamber as the sample is fairly soft.
Raman Spectroscopy Measurements. Raman spectroscopy measurements were conducted in the Center for the Study of Matter at Extreme Condition (CeSMEC) at Florida International University. This system uses a 514-nm Ar + laser excitation line and has 2 cm −1 spectra resolution.
Optical Microscope Measurement. Direct microscopic observation through diamond windows were recorded before and after the first phase transition.
Conclusion
Raman spectroscopy was used to investigate the bonding behavior of lithium amidoborane structure and the phase stability of lithium amidoborane at high pressure and room temperature. In the lithium amidoborane structure, the bonding behavior is significantly altered from its parent compound ammonia borane. The characteristic dihydrogen bonding of ammonia borane is absence in lithium amidoborane. This phenomenon is evidenced by the blueshift of N-H stretching frequency compared with its parent compound ammonia borane in the ambient condition Raman spectra along with the positive pressure dependence of N-H stretching frequency of lithium amidoborane at high pressure observed in this experiment. Also, B-H bonding becomes weaker in lithium amidoborane structure, which will show more reactivity in dehydrogenation. The different bonding characteristics are likely responsible for improved dehydrogenation behavior of lithium amidoborane. The Raman spectroscopy study and optical microscopy study identified two phase transitions of lithium amidoborane at high pressure and room temperature. The first phase transition occurs at 3.9 GPa and the second phase transition occurs at 12.7 GPa. These new phases are likely to have more volumetric hydrogen content. Future X-ray and neutron diffraction study is required to further investigate the phase transition and the absence of dihydrogen bonding.
